The structural and electronic properties for di-tantalum boride clusters Ta 2 B x − (x = 2-5) were investigated using photoelectron spectroscopy and density functional calculations. The photoelectron spectra for Ta 2 B x − (x = 2-5) are obtained at several photon energies with rich spectral features. Density functional theory calculations are performed at the BP86 level to search for the global minima of both the anionic and neutral clusters. The calculated vertical electron detachment energies for the global minimum and low-lying isomers are compared with the experimental data. Strong boron-boron bonding is found to dominate the lowest energy structures of Ta 2 B x − and Ta 2 B x (x = 2-5), which are shown to be bipyramidal with the boron atoms forming an equatorial belt around the Ta-Ta dimer. Strong Ta-Ta bonding is observed in Ta 2 B x − and Ta 2 B x for x = 2-4, whereas the Ta-Ta distance is increased significantly in Ta 2 B 5 − and Ta 2 B 5 .
I. INTRODUCTION
Bulk boron and metal borides have wide applications as refractory materials, ceramics, and superhard materials and have attracted sustained research interests over the past decades.
1-4 Because of its electron deficiency, bulk boron, boron compounds, and boron clusters all possess unusual chemical bonding and physicochemical properties. In particular, photoelectron spectroscopy (PES) in conjunction with theoretical calculations has revealed in recent years that boron clusters are planar up to at least B 23 − , [5] [6] [7] [8] [9] [10] [11] whereas for B n + clusters the planar structures are found up to n = 16, 12 in contrast to bulk boron or boranes where three-dimensional (3D) cage-like structures are prevalent. Among the planar boron clusters, B 8 2− (D 7h ) and B 9 − (D 8h ) are found to be perfect molecular wheels, each with 6σ and 6π delocalized electrons, rendering them doubly aromatic. 5 Replacing the central boron atom by a carbon atom led to local minima for D 6h CB 6 2− and D 7h CB 7 − . 13, 14 Valance isoelectronic substitution by an Al atom shows that Al avoids the central position in all AlB n − (n = 6-11) clusters. [15] [16] [17] However, transition metal atoms have been found experimentally and computationally to form metal-centered boron wheels (M c B n − ) [18] [19] [20] and an electronic design principle has been advanced, according to the double aromaticity requirements, to construct and rationalize the electronic stability of these unique borometallic wheeltype complexes. Transition metal doped boron rings had been studied computationally by a number of authors. [21] [22] [23] [24] [25] The first metal-centered molecular wheels observed experimentally are Co c B 8 − and Ru c B 9 − , 18 followed by the finding of two neua) Electronic mail: xhuang@fzu.edu.cn. b) Electronic mail: lai-sheng_wang@brown.edu.
tral clusters, Rh c B 9 and Ir c B 9 , 19 according to the electronic design principle. The largest boron ring to form the molecular wheels is discovered to be B 10 in Ta c B 10 − and Nb c B 10 − , 20 which are also doubly aromatic with 10 σ and 6 π delocalized electrons. On the other hand, the isoelectronic 3d vanadium atom is found to be too small to stabilize a B 10 ring. 26 Recently, a planar B 6 ring is found to be the building blocks in a complex metal boride crystal, Ti 7 Rh 4 Ir 2 B 8 , 27 suggesting some of the novel gaseous boron and boride clusters may be synthesized in the bulk.
Despite the recent advances of transition metal doped boron clusters, relatively little is known about the di-metal doped boron clusters. A theoretical investigation on the triatomic Li 2 B species was reported previously. 28 The di-auride Au 2 B 7 − cluster has been studied 29 and found to possess a stable planar structure, similar to H 2 B 7 − . 30, 31 In the current work, we investigate the structural and electronic properties for the di-tantalum doped boron clusters Ta 2 B x − (x = 2-5). Photoelectron spectra for these four clusters have been obtained at several detachment laser energies. Density functional theory (DFT) calculations at the BP86 level are performed to search for the global minima for Ta 2 B x − (x = 2-5) and their neutral counterparts. Theoretical results are compared with the experimental data to confirm the identified global minima and low-lying isomers. The boron atoms are found to form an equatorial fan around the Ta-Ta axis, giving rise to quasi-bipyramidal geometries for the lowest-energy structures of these di-tantalum boron clusters. Strong Ta-Ta bonding is observed for species with x = 2-4, whereas for x = 5 a significant increase of the Ta-Ta distance is observed. The current study provides important information about the competition among metal-metal, B-B, and metal-B bonding in boride clusters and sets the stage for further studies of more complex M x B y − type metal boride clusters.
II. EXPERIMENTAL METHOD
The experiment was performed using a magnetic-bottle PES apparatus equipped with a laser vaporization cluster source, details of which have been published in Ref. 32 . Briefly, Ta 2 B x − clusters were produced by laser vaporization of a disk target made of isotopically enriched 11 B (96%) and Ta powders. The clusters were entrained by the helium carrier gas and underwent a supersonic expansion to form a collimated cluster beam after passing through a 6 mm diameter skimmer. The cluster distribution and cooling were controlled by the time delay between the pulsed valves and the vaporization laser and the resident time of the clusters in the nozzle. 33 To achieve better cooling, some experiments were carried out using a mixture of 5% Ar in He as the carrier gas. This approach has been shown recently to produce cold Au cluster anions. 34 Negatively charged clusters were extracted from the cluster beam and analyzed with a time-of-flight mass spectrometer. The clusters of interest (Ta 2 B x − , x = 2-5) were mass selected and decelerated before being intercepted by a photodetachment laser beam: 193 nm (6.424 eV) from an ArF excimer laser; and 266 nm (4.661 eV), 355 nm (3.496 eV), or 532 nm (2.331 eV) from a Nd:YAG laser. Photoelectrons were collected at nearly 100% efficiency by a magnetic bottle and analyzed in a 3.5 m long electron flight tube. The photoelectron spectra were calibrated using the atomic spectra of Au − , Bi − , and Pb − . The electron kinetic energy resolution of the PES apparatus, E k /E k , is typically ∼2.5%, that is ∼25 meV for 1 eV electrons.
III. THEORETICAL METHODS
The DFT calculations were carried out at the BP86 level. 35, 36 Global minima searches were performed using analytical gradients with the Stuttgart relativistic small core basis set and an effective core potential 37, 38 augmented with two f-type and one g-type polarization functions for Ta [ζ (f) = 0.210, 0.697; ζ (g) = 0.472] as recommended by Martin and Sundermann 39 and the aug-cc-pVTZ basis set for boron. 40, 41 The scalar relativistic effects, namely, the mass velocity and Darwin effects, were taken into account via the quasi-relativistic pseudopotentials. Vibrational frequency calculations were done to verify the nature of the stationary points. The low-lying isomers revealed by the searches were further evaluated via single point calculations at the coupled cluster CCSD(T) level [42] [43] [44] [45] [46] with the Ta/Stuttgart + 2f1g/B/aug-cc-pVTZ basis sets at the BP86 geometries. For open-shell systems, the R/UCCSD(T) approach was used, where a restricted open-shell Hartree-Fock (ROHF) calculation was initially performed and the spin constraint was relaxed in the correlation treatment. In addition, more accurate optimizations in CCSD(T) were carried out for some close-lying structures with the Ta/Stuttgart + 2f1g/B/aug-ccpVTZ basis sets. All DFT calculations were done with the GAUSSIAN 03 software package, 47 and the coupled-cluster calculations were performed using the MOLPRO 2010.1 package. 48 Three-dimensional contours of the molecular orbitals (MOs) were visualized using the VMD software. 49 Different exchange-correlation functionals were tested for accuracy and consistency. The BP86 functional showed superior results in terms of electron binding energies and structures for Ta 2 B x − and Ta 2 B x (x = 2-5). Therefore, we used the results with the BP86 functional for our direct comparison with the experiment.
Vertical detachment energies (VDEs) were calculated using the generalized Koopmans' theorem by adding a correction term to the eigenvalues of the anion. 50 The correction term was calculated as δE = E 1 − E 2 − ε HOMO , where E 1 and E 2 are the total energies of the anion and neutral, respectively, in their ground states at the anion equilibrium geometry, and ε HOMO corresponds to the eigenvalue of the highest occupied molecular orbital (HOMO) of the anion.
IV. EXPERIMENTAL RESULTS
The photoelectron spectra of Ta 2 B x − (x = 2-5) are shown in Figs. 1-4 , respectively, at three detachment energies (355, 266, and 193 nm). We also performed experiment at 532 nm. But the 532 nm spectra did not reveal additional electronic or vibrational features and are not shown. The detachment transitions are labeled with letters (X, A, B, . . . ) and the measured VDEs are given in Table I . In each spectrum, the band X represents the transition from the ground electronic state of the anion to that of the corresponding neutral species, and the higher binding energy bands (A, B, . . . ) denote transitions to excited electronic states of the neutral cluster. 
A. Ta 2 B 2

−
The 355 nm spectrum of Ta 2 B 2 − ( Fig. 1(a) ) shows four detachment bands. Band X is relatively sharp with a VDE of 1.39 eV. Even at 532 nm, no vibrational fine features were resolved for band X, suggesting a possible low frequency vibrational progression. Because no vibrational features were resolved, the adiabatic detachment energy (ADE) was measured from the onset of the X band by drawing a straight line along the leading edge and then adding the spectral resolution to the intersection with the binding energy axis. The ADE obtained is 1.31 ± 0.04 eV, which also represents the electron affinity (EA) of neutral Ta 2 B 2 . Following a relatively large energy gap, three broad and congested bands (A, B, C) are observed. Band A has a VDE of 2.28 eV and its relative intensity increases with photon energies. The large X-A gap suggests that neutral Ta 2 B 2 is likely a closed shell species with a HOMO-LUMO gap represented by the X-A gap. Band B (VDE: 2.78 eV) is relatively weak and is better resolved in the 266 and 193 nm spectra. The congested tail (labeled Band C) near the threshold of the 355 nm spectrum is likely due to thermionic emission, 51 as can be seen clearly in the 266 and 193 nm spectra, which show an energy gap after band B. The spectral features in the higher binding energy side are quite congested and three bands are tentatively labeled: C (VDE: 3.35 eV), D(VDE: 3.66 eV) and E(VDE: 3.98 eV). 
B. Ta 2 B 3
−
The 355 nm spectrum of Ta 2 B 3 − ( Fig. 2(a) ) reveals two well resolved bands, X and A, with VDEs of 2.00 eV and 2.16 eV, respectively. The ADE of the X band is measured to be 1.93 ± 0.03 eV, which also represents the EA of neutral Ta 2 B 3 . These two bands are relatively sharp, indicating a small geometry change between the ground state of Ta 2 B 3 − and the ground and first excited state of Ta 2 B 3 . Two more relatively weak and broad bands, B (VDE: 2.75 eV) and C (VDE: 3.17 eV), are observed in the 355 nm, but they are better defined in the 266 and 193 nm spectra. At the higher binding energy side, more congested spectral features are observed at 266 and 193 nm. Two bands, D (VDE: 3.96 eV) and E (VDE: 4.69 eV), are labeled. A relatively weak feature at ∼3.5 eV is observed in the 193 nm spectrum (Fig. 2(c) ), but are not labeled.
C. Ta 2 B 4
−
The 355 nm spectrum of Ta 2 B 4 − ( Fig. 3(a) ) shows three broad bands: X (VDE: ∼1.9 eV), A (VDE: 2.43 eV), and B (VDE: 2.88 eV). The ADE of the X band is estimated to be 1.70 ± 0.07 eV, which represents the EA of Ta 2 B 4 . The broad widths of these three bands indicate that there are multiple transitions in each band and/or a very large geometry change upon detachment. Following a large energy gap, the 266 and 193 nm spectra reveal a band C (VDE: 3.81 eV) and a broad − (Fig. 4(a) ) exhibits five detachment transitions and a low energy tail labeled as "*." Band X with a VDE of 1.93 eV is relatively broad, suggesting a significant geometry change between the ground states of Ta 2 B 5 − and Ta 2 B 5 . The ADE of band X is estimated to be 1.83 ± 0.04 eV, which represents the EA of Ta 2 B 5 . The band A with a VDE of 2.23 eV is relatively sharp. Band B with a VDE of 2.70 eV is not well resolved at 355 nm, but better defined in the 266 and 193 nm spectra. VDEs of bands C and D are measured to be 2.87 and 3.10 eV, respectively. At 266 nm (Fig. 4(b) ), a band E with a VDE of 3.54 eV is well resolved. However, Both the 266 and 193 nm spectra show that the higher binding energy side is very congested. Two bands, F (VDE: 4.01 eV) and G (VDE ∼4.7 eV), are labeled for the sake of discussion. The low energy tail "*" is likely due to contributions of a low-lying isomer.
V. THEORETICAL RESULTS
The optimized anion (Ta 2 B x − ) and neutral (Ta 2 B x ) ground states and low-lying isomers (within ∼0.50 eV) at the BP86 level are presented in Figs. 5-8 for x = 2-5, − has a C 2v ( 2 A 1 ) geometry ( Fig. 5(a)-I) , in which the Ta-Ta bond is perpendicular to the B-B bond in a distorted tetrahedral shape. Isomer (Fig. 5(a) -II) (C 2v , 2 B 1 ) with a much longer B-B bond is only 0.04 eV higher in energy, essentially degenerate with the ground state within the accuracy of our calculations. To resolve the true ground state of Ta 2 B 2 − , we performed optimizations for these two isomers in CCSD(T) calculations with the Ta/Stuttgart + 2f1g/B/aug-cc-pVTZ basis sets. The results show that the isomer (Fig. 5(a)-I) is the ground state, but isomer ( Fig. 5(a)-II) is still very close only 0.05 eV higher using the CCSD(T) optimized structures (Table SI) . 52 Thus, isomer ( Fig. 5(a) -II) may also contribute to the experimental observation. Other selected low-lying isomers are at least 0.20 eV higher in energy, which are not competitive for the global minimum.
The global minimum of Ta 2 B 2 ( 1 A 1 , C 2v ) (Fig. 5(b) -I) has a slightly longer Ta-Ta bond (0.05 Å) compared to that of the anion (Fig. 5(a)-I) . The second low-lying isomer is 0.29 eV higher in energy with a remarkably shorter B-B bond (1.681 Å) as shown in Fig. 5(b)-II. 
B. Ta 2 B 3
− and Ta 2 B 3
The ground state of Ta 2 B 3 − is open-shell with a triplet electronic state ( 3 B 2 ) and C 2v symmetry (Fig. 6(a)-I) . It can be viewed as a quasi-bipyramidal structure with the Ta-Ta dimer interacting perpendicularly with a bent B 3 chain. The corresponding closed-shell state ( Fig. 6(a)-IV) is 0.17 eV higher in energy. A low symmetry C s ( 1 A ) structure ( Fig. 6 (a)-II) with a shorter Ta-Ta bond is 0.12 eV above the ground state and its corresponding triplet state is 0.34 eV above the ground state ( Fig. 6(a)-VI) . A very low symmetry C 1 ( 1 A) structure ( Fig. 6(a)-III) is 0.17 eV above the ground state, featuring a boron atom interacting with only one other B and Ta atom on a quasi-tetrahedral Ta 2 B 2 core.
For the neutral Ta 2 B 3 cluster, six low-lying isomers are found within 0.10 eV at the BP86 level. The ground state is a C 2v ( 4 A 2 ) structure ( Fig. 6(b)-I ), similar to the global minimum of Ta 2 B 3
− . Further theoretical calculations at the CCSD(T) level are performed for these low-lying isomers to resolve the true ground state, as reported in Table  SI . 52 The CCSD(T) results show that the C 2 ( 2 B) structure (Fig. 6(b)-VI) , which is also similar to the anion ground state, but 0.08 eV above the C 2v ( 4 A 2 ) structure at the BP86 level, is the global minimum, whereas the C 2v ( 4 A 2 ) structure is 0.17 eV higher than the C 2 ( 2 B) state at the higher level of calculation.
C. Ta 2 B 4
− and Ta 2 B 4 The ground state of Ta 2 B 4 − ( 2 A 1 , C 2v ) ( Fig. 7(a)-I ) can be viewed as extending the B 3 chain in the Ta 2 B 3 − global minimum structure to form a bent B 4 chain. Interestingly, while the Ta-Ta distance is similar in the two clusters, the B-B bond lengths seem to be shortened significantly in Ta 2 B 4 − relative to those in Ta 2 B 3 − . There are only two other isomers within 0.50 eV of the ground state and they are at least 0.4 eV higher in energy (Figs. 7(a)-II and 7(a)-III) . The low-lying isomers of the neutral Ta 2 B 4 are depicted in Fig. 7(b) . The global minimum (Fig. 7(b 
D. Ta 2 B 5
− and Ta 2 B 5 The low-lying isomers for Ta 2 B 5 − are given in Fig. 8(a) . Eight structures are found to be within 0.50 eV at BP86 level. The ground state (Fig. 8(a)-I ) has a five-member bent boron chain with C 2v ( 1 A 1 ) symmetry. A very competitive isomer ( Fig. 8(a)-II) with a shorter Ta-Ta bond is only 0.06 eV higher in energy. Single-point CCSD(T) calculations are performed using the BP86 geometries, showing isomer ( Fig. 8(a)-II) is 0.21 eV higher than isomer (Fig. 8(a)-I) at the higher level of theory (Table SI) . 52 The third isomer ( Fig. 8(a)-III) is a triplet state ( 3 B 2 ) also with C 2v symmetry and is 0.25 eV above the singlet ground state. The other structures in Fig. 8(a) are at least 0.35 eV above the global minimum.
For the neutral Ta 2 B 5 , two competitive low-lying isomers are found at the BP86 level, which are similar to the two lowlying isomers of the anion. Single-point CCSD(T) calculations are performed for the neutral Ta 2 B 5 low-lying isomers, revealing that isomer 8b-II is 0.23 eV higher than 8b-I (Table  SI) . 52 The third low-lying isomer C 2v ( 2 A 1 ) (Fig. 8(b)-III) is 0.28 eV higher in energy at the BP86 level.
VI. COMPARISON BETWEEN EXPERIMENT AND THEORY
In order to verify the global minimum and low-lying structures of Ta 2 B x − (x = 2−5), we have calculated the VDEs on the basis of the identified anionic structures with the generalized Koopmans' theorem. The calculated VDEs and simulated PES spectra for the ground state structures are compared with the experiment data in Table I and Fig. 9 . The simulated PES spectra for all the low-lying structures of the anions are compared with the experimental spectra in Figs. S9−S12 in the supplementary material for Ta 2 B x − (x = 2−5), respectively. 52 In the single-particle picture, photodetachment involves removal of electrons from occupied MOs of an anion. The final states are the ground and excited states of the corresponding neutral. Considering the complicated nature of the electronic structures of these systems, we can only make qualitative comparisons between experiment and theory in some cases.
A. Ta 2 B 2
−
The ground state of Ta 2 B 2 − (Fig. 5(a)-I Fig. 9(a) , the simulated PES spectrum from the global minimum of Ta 2 B 2 − agrees well with the experimental spectrum. The 9a 1 SOMO of Ta 2 B 2 − (Fig. 10(a) ) is primarily a Ta-Ta nonbonding σ orbital. The Mülliken spin density (Fig. 10(c) ) shows that the unpaired spin is equally shared by the two Ta atoms. On removal of an electron, the HOMO (4b 1 ) of the neutral (Fig. 10(b) ) is shown to be a δ bonding orbital and the neutral Ta 2 B 2 remains the C 2v structure with a shorter Ta-Ta bond by about 0.06 Å. The first calculated VDE (1.45 eV), corresponding to the electron detachment from the 9a 1 SOMO is in good agreement with the experimental VDE of band X (1.39 eV, Table I ). Detachment from the fully occupied MOs below the 9a 1 SOMO can lead to both singlet (S) and triplet (T) final states. At the BP86 level, the calculated VDEs from the 2a 2 (T, S), 8a 1 (T), and 4b 1 (T, S) orbitals are very close to each other ranging from 1.95 to 2.27 eV, consistent with the intense and broad A band. The calculated VDEs for the higher binding energy features are also in qualitative agreement with the observed spectral pattern, as shown in Table I and Fig. 9(a) .
The simulated spectrum of isomer ( Fig. 5(a) -II) (C 2v , 2 B 1 ) is shown in Fig. S9 . 52 The overall pattern also shows good agreement with the experimental spectrum, except that the first calculated VDE for isomer (Fig. 5(a)-II) is higher than that for the ground state isomer (Fig. 5(a)-I) . Thus, the first detachment band from isomer ( Fig. 5(a)-II) should appear as a shoulder to the higher binding energy side of the X band (Fig. 1) . The lack of a clear shoulder in the experimental spectra suggests that contributions from isomer ( Fig. 5(a)-II) are negligible, even though it cannot be completely ruled out. Thus, the overall agreement between the simulated spectrum for the ground state structure and the experimental results lends credence to the C 2v ( 2 A 1 ) structure (Fig. 5(a)-I) 
B. Ta 2 B 3
−
The simulated spectrum for the global minimum of Ta 2 B 3
− is found to agree well with the experimental spectrum ( Fig. 9(b) ). The ground state of Ta 2 B 3 − (Fig. 6(a) 2 ) 1 . The first detachment channel corresponds to electron removal from the HOMO (5b 1 ), which is basically a δ-bonding orbital ( Fig. 11(a) ). The calculated VDE of 2.00 eV at the BP86 level is in excellent agreement with the experimental observation at 2.00 eV. There are four close-lying detachment channels with calculated VDEs ranging from 2.23 to 2.36 eV (Table I) , which are tentatively assigned to the A band. This assignment is tentative because the A band is relatively sharp and is inconsistent with so many detachment channels. However, the calculated VDEs for the higher binding energy channels seem to be in good agreement with the experiment, as can be seen from Table I and Fig. 9(b) .
The second isomer of Ta 2 B 3 − (Fig. 6 (a)-II) is closed shell with C s symmetry ( 1 A ), which is 0.12 eV higher in energy at BP86 level. The simulated spectrum of this isomer (Fig. S10) 52 also seems to be consistent with the experimental spectrum. Thus, at the current level of theory, we cannot assign definitively which isomer is responsible for the observed spectra. Both structures are similar, except that the C s isomer features a slightly stronger and shorter Ta-Ta bond.
C. Ta 2 B 4
−
The C 2v ( 2 A 1 ) structure ( Fig. 7(a)-I 1 . The X band in the experimental spectra is broad and congested, suggesting that it may contain multiple detachment channels. Indeed, the calculated VDEs for the first three detachment channels, from the SOMO 11a 1 and the 5b 1 orbital (T and S), are very close to each other (Table I) , consistent with the broad X band. The 11a 1 SOMO is mainly a Ta-Ta σ bonding orbital, as shown in Fig. 12(a) and Fig. 12(c) for the spin density. Detachment of the electron in the SOMO leads to a slightly increased Ta-Ta bond length in the neutral ground state of Ta 2 B 4 ( Fig. 7(b)-I) . The calculated VDEs from the 10a 1 orbital, 2.37 eV (T) and 2.39 eV (S), corresponding to the removal of the spindown and spin-up electrons, are in good agreement the observed VDE of the A band (2.43 eV). The 10a 1 orbital, which is primarily a σ d-d bonding orbital (Fig. 12(b) ), becomes the HOMO of the closed-shell neutral Ta 2 B 4 cluster. Each of the subsequent experimental spectral features also corresponds to multiple detachment channels. Overall, the calculated spectral pattern from the global minimum of Ta 2 B 4 − is in good agreement with the experimental observation (Table I and Fig. 9(c) ), lending considerable credence to the global minimum identified.
D. Ta 2 B 5
−
The comparisons between experiment and theory for the ground state of Ta 2 B 5 − are presented in Table I and Fig. 9(d) 2 HOMO, which is an antibonding δ orbital ( Fig. 13(a) ). The SOMO (3a 2 ) of the neutral cluster upon removing an electron from the anion HOMO is shown in Fig. 13(b) and its spin density (Fig. 13(c) ) is seen to concentrate on the two Ta atoms. The calculated VDE of 2.02 eV is in good agreement with the experimental value of 1.93 eV ( Table I ). The next two calculated VDEs correspond to electron detachments from HOMO-1 (11a 1 ) and HOMO-2 (5b 1 ), which are in good agreement with the experimental bands A and B, respectively. The next three detachment channels are derived from the 7b 2 , 2a 2 , and 6b 2 , which correspond to the bands C, D, and E at VDEs of 2.87, 3.10, and 3.54 eV in the experimental spectra, respectively. The higher detachment channels are also in good agreement with the experiment.
The weak feature on the low binding energy side of the experimental spectra of Ta 2 B 5 − (Fig. 4) suggests possible contributions from low-lying isomers. The second low-lying isomer Fig. 8(a) -II is 0.06 eV and 0.23 eV higher in energy at BP86 and CCSD(T) level of theory (Table SI) , 52 respectively. The simulated spectrum for this isomer (Fig. S12 ) 52 shows that its binding energies are similar to those of the global minimum. Thus, this isomer can be ruled out to be the contributor to the low binding energy feature, in agreement with its relatively high energy at the CCSD(T) level. The third isomer ( Fig. 8(a)-III) is open-shell ( 3 B 2 ), which is 0.25 eV above the global minimum at BP86. However, the VDE of its detachment channel (Fig. S12 ) 52 is at a lower binding energy and this isomer is a possible contributor to the observed low binding energy feature. Thus, at higher level of theory, we expect that the relatively energy of this isomer should be lower than the BP86 calculation suggests. Therefore, overall the theoretical results are in good agreement with the experimental data, confirming the ground state and low-lying isomers for the Ta 2 B 5 − cluster.
VII. STRUCTURAL EVOLUTION
The current study shows that the structures of the Ta 2 B x − (x = 2−5) clusters are all related and can be viewed as forming an equatorial boron belt around a Ta-Ta dimer with increasing x, as shown in Fig. 14 . Starting from the C 2v Ta 2 B 2 − , each additional B atom is added to the boron moiety to extend the boron chain around the Ta-Ta bond (Fig. 14) . Even though in a couple of cases the global minimum structures cannot be definitively assigned, this basic structural evolution holds true because all the low-lying isomers of Ta 2 B x − display similar structures with the same B-B connectivity. The structural evolution is due to the strong B-B bonding, which leads to the formation of monotantalum metal-centered B 10 ring in Ta c B 10 − . 20 Thus, we expect that with additional B atoms one may also achieve a closed equatorial boron ring around the Ta-Ta bond. In fact, we already see that the TaTa bond length in Ta 2 B 5 − (Fig. 8(a)-I ) is significantly longer than that in Ta 2 B 4 − (Fig. 7(a)-I) , en route to a closed boron ring with a bipyramidal structure with a much longer Ta-Ta distance. Further studies of larger dinuclear boron clusters to observe such structures would be interesting and are forthcoming.
VIII. CONCLUSIONS
We present a systematic study of the Ta 2 B x −/0 (x = 2−5) clusters using photoelectron spectroscopy and DFT calculations. Photoelectron spectra were obtained for the size-selected anionic clusters, revealing congested electronic transitions for all systems. Extensive DFT calculations were performed at the BP86 level to locate the ground states and low-lying isomers for the Ta 2 B x −/0 (x = 2−5) clusters. Qualitative agreement between the experimental data and theoretical calculations was obtained, lending support for the global minimum structures from the DFT calculations. The ground states of Ta 2 B x − (x = 2−5) are shown to possess C 2v ( 2 A 1 ), C 2v ( 3 B 2 ), C 2v ( 2 A 1 ), and C 2v ( 1 A 1 ) structures, respectively, which can all be viewed as a partial equatorial boron ring around a Ta-Ta bond. The global minima of the neutral clusters follow the same pattern and are similar to the respective anions. The current results reveal that the strong boron-boron bonding dominates the structures of the di-tantalum clusters.
